Abstract Hydroxylated polychlorinated biphenyls (HOPCBs) are toxic contaminants which are produced in the environment by biological or abiotic oxidation of PCBs. The toxicity of a suite of 23 mono-hydroxylated derivatives of PCBs and 12 parent PCBs was determined using the bacterial bioluminescent assay Microtox Ò . All HO-PCBs tested exhibited higher toxicity than the corresponding parent PCB, with effect concentration 50 % (EC 50 ) ranging from 0.07 to 133 mg L -1 . The highest toxicities were recorded with 4-hydroxylated derivatives of di-chlorinated biphenyls (EC 50 = 0.07-0.36 mg L -1 ) and 2-hydroxylated derivatives of tri-chlorinated biphenyls carrying a chlorine substituent on the phenolic ring (EC 50 = 0.34-0.48 mg L -1 ). The toxicity of HO-PCBs generally decreased when the degree of chlorination increased. Consistently with this observation, a significant positive correlation was measured between toxicity (measured by EC 50 ) and octanolwater partition coefficient (pK ow ) for the HO-PCBs under study (Pearson's correlation coefficient, r = 0.74), which may be explained by the lower solubility and bioavailability generally associated with higher hydrophobicity. This study is the first one which assessed the toxicity of a suite of PCBs and HO-PCBs using the bioluminescent assay Microtox Ò , showing an inverse correlation between toxicity and hydrophobicity.
Introduction
Polychlorinated biphenyls (PCBs) represent a class of 209 congeners made of a biphenyl core to which 1-10 chlorine atoms are attached (Borja et al. 2005) . PCBs exhibit high chemical and physical stability and high dielectric constant, making them useful in a variety of industrial applications, including lubricants, dielectric fluids, and plasticizers. Because of their toxicity and persistence in the environment, the production of PCBs was banned in most countries by the late seventies (Field and Sierra-Alvarez 2008) . It is usually estimated that over 1.5 million tons of PCBs were produced worldwide and they are today detected in virtually every compartment of the ecosystem, including air, water, soil, sediments, and living organisms (Pieper and Seege 2008) . PCBs have been reported to exert detrimental effects on wildlife and humans, including immunotoxicity, neurotoxicity, developmental toxicity, reproductive toxicity, and carcinogenicity (Takeuchi et al. 2011; Grimm et al. 2015) .
Hydroxylated derivatives of PCBs (HO-PCBs) are produced in the environment by biological and abiotic oxidation of PCBs (Tehrani and Van Aken2014) . The first step of the metabolism of PCBs by higher organisms often involves the transient formation of hydroxylated (HO-) derivatives (Montano et al. 2013) . PCBs in mammalian cells are thought to be oxidized into HO-metabolites by the cytochrome P-450 monooxygenase system (Letcher et al. 2000) . HO-PCBs have been detected in Great Lake fish and they were shown to be formed in PCB-exposed rainbow trout (Buckman et al. 2006) . Likewise, higher plants and wood-decaying fungi were shown to transform lesserchlorinated PCBs into various mono-and di-HO metabolites (Chroma et al. 2003; Sietmann et al. 2006; Van Aken et al. 2010) . Hydroxylation of PCBs constitutes the first step of a detoxification sequence, which involves typically activation (phase I), transferase-mediated conjugation (phase II), and excretion or sequestration (phase III) (Letcher et al. 2000) . Besides biological processes, it has been suggested that HO-PCBs can be formed in the atmosphere through abiotic gas-phase reaction with hydroxyl radicals (
• OH) (Anderson and Hites 1996; Mandalakis et al. 2003) . As reaction products from PCBs, HOPCBs are widely dispersed in the environment and they have been detected in a variety of samples, including air, water, sediments, and animal tissues (Flanagan and May 1993; Kawano et al. 2005; Buckman et al. 2006; Ueno et al. 2007; Marek et al. 2013; Awad et al. 2016) . HOPCBs have raised environmental concerns because of their toxicity for higher organisms (Montano et al. 2013; Grimm et al. . 2015) . In fact, the toxicity of many halogenated contaminants-including PCBs-on the endocrine and neural systems has been attributed to the formation of HOmetabolites (Montano et al. 2013) .
Although the toxicity of HO-PCBs toward higher organisms is well documented, their effects on bacteria have received little attention-even though bacteria are the major organisms responsible for natural attenuation of PCBs. A few publications have reported the toxic effects of HO-PCBs on bacteria (Camara et al. 2004; Parnell et al. 2006; Geng et al. 2012) , however these studies focused more on PCB biodegradation and considered only a limited number of HO-derivatives. The objective of the present study is to determine and compare the toxic effect of a suite of mono-HO PCB congeners using the microbial bioluminescent assay Microtox Ò .
Methods

Chemicals
Microtox
Ò reagents and consumables were purchased from Azur Environmental (Fairfax, CA). PCB 2 and its 4-HO derivative (3-chlorobiphenyl-CB and 4-HO-3-CB), PCB 3 and its 2 0 -, 3 0 -, and 4 0 -HO derivatives (4-CB, 2 0 -HO-4-CB, 3 0 -HO-4-CB, and 4 0 -HO-4-CB), 4-HO derivative of PCB 8 (4-HO-2,4 0 -dichlorobiphenyl-DCB), PCB 12 and its 4 0 -HO derivative (3,4-DCB and 4 0 -HO-3,4-DCB), 2 0 ,4,5 0 -TeCB) were purchased from Accustandard (New Haven, CT) in purity of 99 % or higher.
Ò assay
The toxicity of the parent PCBs and their HO-derivatives was determined using the standard Microtox Ò Basic Toxicity test following the manufacturer recommendations (Johnson 2005) . Bioluminescence levels were recorded on a Microtox Ò Model 500 Analyzer using original Microtox Ò solutions and reagents (Azur Environmental). PCBs and HO-PCBs were first dissolved in GC-grade acetone (5000-mg L -1 ) and then homogenously dispersed in aqueous Microtox Ò Diluent Solution (2 % NaCl) to a final concentration of 50 mg L -1 . A phenol solution (50-mg L -1 ) was used for quality control of the assay. Microtox Ò Diluent Solution containing 1 % (v/v) acetone was used to detect the potential toxic effect of the solvent. When the toxicity of PCB derivatives was too high for recording reliable data, additional dilutions were prepared to final concentrations of 2.5 or 5.0 mg L -1 . The lyophilized luminescent bacterium, Vibrio fisheri (Microtox Ò Reagent), kept at -80°C was revitalized in 1 mL of Microtox Ò Reconstitution Solution (0.01 % NaCl). The cell suspension was immediately transferred into a glass cuvette that was placed in the reagent well of the Microtox Ò Analyzer at 5°C. Two mL of two-fold serial dilutions of PCBs and HO-PCBs were prepared in Microtox Ò Diluent Solution to which 10 lL of reconstituted Reagent-containing V. fisheri cells-was added. The cuvettes were incubated at 15°C and bioluminescence was recorded at time 0 and after 5 and 15 min.
Data analyses
Data analysis was performed using the MicrotoxOmni Ò Data Reduction software, which uses a p-order inhibition Toxicity of hydroxylated polychlorinated biphenyls (HO-PCBs) using the bioluminescent assay…model (Johnson2005). The assay endpoint was the effective concentration 50 % (EC 50 ), which is defined as the concentration of toxicant that results in 50 % of bioluminescence reduction by reference to the non-exposed control. EC 50 values and confidence intervals at 95 % were calculated from the model parameters-after linearization-using Microsoft Excel (Redmond, WA). The fitting of experimental data to the model was expressed by the coefficient of determination, R 2 . The pK ow of PCBs and HO-PCBs were estimated using the SPARC (Automated Reasoning in Chemistry) on-line calculator (Hilal et al. 2004) . EC 50 values recorded after 5 min were plotted against pK ow and linear regressions, Pearson's correlation coefficients (r), and associated p-values were computed using Prism 5.04 (Graphpad, La Jolla, CA).
Results and discussion
We obtained 23 high purity mono-HO PCBs and their 12 parent compounds, including mono-to tetra-chlorinated congeners, from academic (University of Iowa) and commercial sources (Accustandard). The toxicity of all congeners was measured using the microbial bioluminescent assay Microtox Ò . Exposure of the luminescent marine bacteria, V. fischeri, to a toxic substance results in a decrease of light emission, which is recorded to determine the toxicity. The Microtox Ò assay is widely accepted as a standard toxicity testing method (ASTM 2009) and has been used to assess the environmental toxicity of various contaminants, including metals, pesticides, aromatic hydrocarbons, explosives, and PCBs (Chu et al. 1997; Kemble et al. 2000; Ingersoll et al. 2002) .
Results of the Microtox Ò assay-EC 50 with 95 % confidence intervals recorded after 5 and 15 min and R 2 of the dose-response curves-are presented in Table 1 . The EC 50 values of the standard phenol solution (50 mg L -1 ) fell within the range prescribed by the manufacturer (13-26 mg L -1 ) and no toxicity was detected with the acetone controls.
Because PCBs can be present at high concentration in the environment (e.g., 28000 mg kg -1 was detected in sediments of the Hudson River), a concentration of 50 mg L -1 was used in this study (Sondossi et al. 1991; Camara et al. 2004) . Because higher-chlorinated congeners are not water-soluble at this level, a homogenous dispersion was prepared by dissolution in acetone prior to addition to the aqueous phase, according to guidelines for testing lowsolubility toxicants (Rufli et al. 1998; OECD/OCDE 2006) .
Based on the Microtox Ò readings, most parent PCBs did not exhibit a detectable toxicity at the concentration of 50 mg L -1 (i.e., EC 50 non determined-ND). Only three lesser-chlorinated parent PCBs showed a recordable toxicity at 50 mg L -1 : 3-CB, 2,4 0 -DCB, and 2,5-DCB with 5-min EC 50 = 13.1, 2.64, and 14.5 mg L -1 , respectively (Table 1) . Hormesis (i.e., metabolic stimulation by exposure to low concentrations of toxic chemicals) was frequently observed with the parent PCBs, resulting in higher light emission in exposed samples as compared with the non-exposed controls (Shen et al. 2009 ).
All mono-HO PCBs under study exhibited a recordable toxicity after 5 and 15 min of exposure at the concentration tested (ranging from 2.5 to 50 mg L -1 ) ( Table 1) . Recorded 5-min EC 50 values of mono-HO derivatives ranged from 0.07 mg L -1 (4-HO-2,4 0 -DCB) to 133 mg L -1 (4 0 -HO-2,3,4,5-TeCB). The data fitted generally well the toxicity model, with coefficients of determination, R 2 C0.9 for 36 analyses (83 %) and C0.8 for 51 analyses (98 %) ( Table 1 ). The highest toxicities were recorded with 4-HO derivatives of di-chlorinated biphenyls (2,4 0 -, 2,5-, and 3,4-DCB) and 2-HO derivatives of tri-chlorinated biphenyls carrying a chlorine atom on the phenolic ring (3,3 0 ,4-and 3,3 0 ,5-TCB), with 5-min EC 50 ranging from 0.07 to 0.48 mg L -1 (Table 1) . Our results showed that the toxicity of HO-PCBs generally decreased with the degree of chlorination. The EC 50 of HO-PCBs were plotted against the estimated pK ow -a measurement of the hydrophobicity, which is directly related to the degree of chlorination. A significant correlation was observed between EC 50 and pK ow when considering the 23 HO-congeners under study (Pearson's correlation coefficient, r = 0.74, p = \ 0.0001; Fig. 1a) . Stronger correlations were detected within 3-HO (r = 0.99, p = 0.0007; Fig. 1c ) and 4-HO congeners (r = 0.97, p \ 0.0001; Fig. 1d ), when they were considered separately. No significant correlation was detected with 2-HO congeners (Fig. 1b ). An inverse relationship between toxicity and degree chlorination of PCBs (i.e., positive correlation between EC 50 and pK ow ) has been reported in prior publications and was primary linked to the lower bioavailability associated with hydrophobic molecules (Camara et al. 2004 ). An alternative explanation for the observed correlation between toxicity and hydrophobicity could be related to the reactivity of PCBs and HO-PCBs, which generally decreases when the degree of chlorination increases. Even though the metabolism of PCBs and their derivatives is generally considered a detoxification mechanism, HO-PCBs can be further hydroxylated, generating toxic reactive derivatives. In vitro studies have shown that HO-PCBs, through the formation of quinones and reactive oxygen species (ROS), could damage DNA and form adduct with proteins, lipids, and nucleic acids (Grimm et al. 2015) . These mechanisms could also explain to toxicity of reactive lower-chlorinated HO-PCBs toward bacterial cells.
Consistently with our findings, a few publications have reported that hydroxylation of PCBs results in higher toxicity for bacteria. Based on the oxygen uptake rate, Sondossi et al. (1991) recorded a high toxicity of three mono-HO PCBs (4-HO-2-CB, 4-HO-3-CB, and 4-HO-5-CB) at the concentration of 0.5-3.0 mM (*100 and *600 mg L -1 ) toward the PCB degrader Comamonas testosteroni B-356. The HO-PCBs were found to be significantly more toxic than the HO-biphenyls and chlorobiphenyls tested. Camara et al. (2004) studied the toxicity of PCBs using a recombinant Escherichia coli expressing subsets of biphenyl dioxygenase genes (bph) involved in PCB metabolism. Based on cell viability, the authors observed a high toxicity of di-HO derivatives originating from the The effect concentration 50 % (EC 50 ) after 5 min and 15 min (confidence intervals (C.I.) at 95 %), coefficients of determination (R 2 ), and octanol-water partition coefficients (K ow ) are presented a ND Not determined Toxicity of hydroxylated polychlorinated biphenyls (HO-PCBs) using the bioluminescent assay… 1441 metabolism of parents PCBs. In accordance with our observations, a lower toxicity was detected when the degree of chlorination increased from mono-to tri-chlorinated biphenyls. Parnell et al. (2006) exposed the PCB degrader, Burkholderia xenovorans LB400, to the commercial mixture, Aroclor 1242 (500 mg L -1
), and observed that induction of the biphenyl pathway-which is involved in PCB oxidation-resulted in overexpression of several detoxification genes, suggesting that the toxicity associated with PCBs was partly due to the formation of PCB metabolites. More recently, Geng et al. (2012) reported the inhibitory effect of four ortho-HO PCBs (with 2, 3, 4, and 5 chlorine atoms) on E. coli, although none of the parent PCBs tested exhibited a recordable effect. The authors discovered that HO-PCBs were actively pumped out of the cell by the AcrAB-TolC drug efflux system, which is known to be involved in cell resistance to hydrophobic pollutants. Besides PCBs, hydroxylation of other aromatic compounds has been reported to increase their toxicity, which is assumed to be related to the higher solubility of HO-derivatives as compared with the parent compounds (Camara et al. 2004; Geng et al. 2012) .
A further examination of the structure-activity relationships (SARs) in HO-PCBs reveals remarkable patterns. First, higher-chlorinated HO-congeners-tri-and tetrachlorinated-with the HO substituent in position 2 consistently exhibited a higher toxicity than the corresponding 3-HO and 4-HO substituted ones (Table 1) . Moreover, tri-chlorinated congeners with the HO substituent in position 2 and a chlorine atom in position 5-on the phenolic ring-showed a much higher toxicity (5-min EC 50 = 0.34 and 0.48 mg L -1 for 2 0 -HO-3,4,5 0 -and 2 0 -HO-3,5,5 0 -TCB, respectively) than all other higher-chlorinated HO-PCBs (5-min EC 50 ranging from 1.05 to 133 mg L -1 ). These observations may be explained by the steric hindrance around the HO group, which has been suggested to lower the activity of conjugative enzymes, therefore preventing detoxification of the molecule (Tampal et al. 2002) . Among lower-chlorinated HO-congeners-monoand di-chlorinated, the highest toxicity was observed with the 4-HO substituted compounds (5-min EC 50 B 0.92 mg L -1 ), with the exception of 4 0 -HO-4-CB (5-min EC 50 = 4.79 mg L -1 ). A similar observation was reported by Sondossi et al. (1991) who recorded higher toxicitybased on E. coli respiration rate-of 4-HO-2-CB and 4-HO-3-CB as compared with 2-HO-5-CB. Furthermore, our results also show that lower-chlorinated 2-HO congeners exhibited lower toxicity (5-min EC 50 C 6.75 mg L -1 ) than the corresponding 3-HO and 4-HO congeners (5-min EC 50 B 4.79 mg L -1 ), which may be explained by the higher reactivity of the latter ones, potentially resulting in formation of damaging oxidative species. Studying the mutagenic activity of HO-derivatives of 4-CB in a rat hepatocyte model, Espandiari et al. (2004) observed that only 3 0 -HO-and 4 0 -HO-4-CB-but not 2 0 -HO-4-CB-were active, likely through further hydroxylation/oxidation to reactive compounds (e.g., quinones) susceptible to induce oxidative stress and DNA damage. An alternative explanation could be the higher conjugation rate of 2-HO congeners as compared with 3-HO-and 4-HO substituted ones. Investigating the implication of uridine diphosphate glucuronosyl transferase (UGT) in the conversion of HOPCBs, Tampal et al. (2002) , reported a higher rate of conjugation rate of 2 0 -HO-4-CB as compared with 3 0 -HOand 4 0 -HO-4-CB, therefore potentially leading to lower toxicity.
Our results also showed that the toxicity of lesserchlorinated PCBs and HO-PCBs generally decreased (i.e., increase of EC 50 ) from 5 to 15 min of exposure-observed for all mono-chlorinated and most (5 out of 7) di-chlorinated compounds, although the toxicity of higher-chlorinated HO-PCBs generally increased from 5 to 15 minobserved with all tetra-chlorinated and most (5 out of 8) trichlorinated compounds (Table 1) . A decrease of toxicity with the exposure time has been reported elsewhere and may be explained by an increasing bioluminescence in response to toxic stress (Antonelli et al. 2009 ) or the induction of defense mechanisms, such as efflux pumps (Geng et al. 2012) . Consistently with our observation, Camara et al. (2004) reported that exposure of E. coli cells for one, six, and 24 h resulted in a decrease of cell viability which was more significant with higher-chlorinated congeners (i.e., tri-chlorinated vs. mono-and di-chlorinated). The increasing toxicity with the time which was observed with higher-chlorinated congeners may be due to a slower penetration of the compounds into the cells, leading to an increase of intracellular concentration.
The toxicity of HO-PCBs-as other halogenated phenolic compounds-for higher organisms is generally attributed to their endocrine disrupting activity, targeting both the estrogen and thyroid systems, and their neurotoxic potential (Montano et al. 2013; Grimm et al. 2015) . On the other hand, little information is available about the toxicity mechanisms of HO-PCBs for bacteria, making difficult to explain further the observed SARs.
Using a suite of 23 HO-congeners, the present study shows for the first time a significant negative correlation between the toxicity and hydrophobicity of HO-PCBs, which can be explained by the lower bioavailability and reactivity of higher-chlorinated congeners. Our results may have important environmental implications because bacteria are the major actors of the biodegradation of PCBs in the environment under both aerobic and anaerobic conditions (Borja et al. 2005; Pieper and Seeger 2008) . The higher toxicity of HO-PCBs could inhibit bacterial activity and partially explain the recalcitrance of certain PCB congeners to biodegradation (Camara et al. 2004 ).
